NTELLIGENT material systems, sometimes referred to as smart materials or structures, are defined in the literature in the context of many different paradigms; however, two are prevalent. The first definition is based upon a technology paradigm: &dquo;the integration of actuators, sensors, and controls with a material or structural component&dquo;. This definition describes the components that comprise a smart material system, but does not state a goal or objective of the system; nor does it provide guidance toward how to create such a material system. The definition based upon a science paradigm attempts to capture the essence of biologically inspired materials by addressing the goal of the material system: &dquo;material systems with intelligence and life features integrated in the microstructure of the material system to reduce mass and energy and produce adaptive functional-ity&dquo;. It is important to note that the science paradigm does not define the type of materials to be utilized. It does not even state definitively that there are sensors, actuators, and controls, but instead describes a philosophy of design. Biological structural systems are the result of a continuous process of optimization taking place over millennia. Their basic characteristics of efficiency, functionality, precision, selfrepair, and durability continue to fascinate designers of engineering structures today. The goal of the modern day alchemist is to assist the evolutionary process by designing structures while cognizant of the unpredictable environment in which all engineered systems are used, and to give these structures the tools, e.g., the technologies, to evolve to more refined states. The structures must then share this information with the users and designers throughout the life of the system.
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The vision or guiding analogy of intelligent material systems is nearly universal: that of learning from nature and living systems and applying that knowledge in such a way as to enable man-made artifacts to have the adaptive features of autopoiesis we see throughout nature. This leads to the description of the anatomy of an intelligent material system: actuators or motors that behave like muscles; sensors that have the architecture and processing features of nerves and memory; and communication and computational networks Dr. Craig A. Rogers is director of the Center for Intelligent Material Systems and Structures at Virgmia Polytechnic Institute and State University and a professor m the department of mechanical engineering This editorial is extracted from his upcoming book 71~e Engmeenng, Science, and Art of Smart Material Systems that represent the motor control system (brain, etc.) of biological systems. Although the central analogy is to living systems, it must be emphasized that the deployment of intelligent material systems produces artifacts: they are designed by human beings to achieve human ends and purposes. This contrasts with living creatures which exist only for themselves. Because intelligent material systems are intended to fulfill human desires and purposes, it is useful and desirable to stipulate that the system boundary of intelligent material systems be drawn to include the human user.
Biological structural systems do not distinguish between materials and structures. The design and development of natural organisms is an integrated process in which component functions are multiple, and result in a cost-effective and durable structure whose performance matches the demands brought upon the living system. Likewise, the distinction between intelligent material systems and intelligent structures is irrelevant. Each of the systems require a hybrid approach to integrating the technologies that synergistically yield life functions and intelligence. The distinction between material systems and structures can only be defined superficially in terms of the scale of their microstructures. The lessons learned from nature that guide material engineers and designers in their endeavors is that the microstructure of any system governs its behaviorregardless of its size.
What kind of life functions can we expect from intelligent material systems? Nature's systems have a few general attributes that we can aspire to instill in synthetic material systems. Many of nature's systems can change their properties, shape, color, and load paths to account for damage and allow for repair; and can also manage the graceful retirement of aged systems, to name a few. Other obvious abilities we as humans possess that would be useful to instill in structural systems are our five senses. Engineers and scientists have made tremendous advances in developing a plethora of devices to mimic a select few of nature's capabilities; however, little has been accomplished to create systems that are able to learn, grow, survive, and age with grace and simplicity.
The survival of biological structures depends on nature's ability to balance the economy of construction and maintenance (metabolic cost) with the needed mechanical properties, such as strength, toughness, resistance to impact, etc. This balance is precisely what we aim for when we attempt to specify material and structural requirements in order to arrive at a design that simultaneously satisfies economic viability and mission-oriented performance. A particularly attractive feature of biological systems is their unique ability to diagnose (through a continuously &dquo;distributed&dquo; sensor network) and to repair localized damages to their structure: a clearly desirable attribute for man-made structural systems.
Today, researchers are concentrating on aspects of intelligent material systems that may seem rudimentary when compared with mammalian systems, but will have enormous consequences on engineered systems of the future. JOURNAL OF INTELLIGENT MATERIAL SYSTEMS AND STRUCTURES, Vol. 4 -January 1993
Controlling the movement of an arm is a wonderful example of the seemingly effortless task that we all perform each day that has been so diflicult for engineers to mimic. To fully understand the implications of the interactions among the numerous scientific and engineering disciplines needed to address such a simple problem, we need to evaluate how biology approaches this problem and compare that approach with today's conventional engineering approach and tomorrow's intelligent material systems approach.
Consider a situation in which you are sitting at a table that has one leg shorter than the others, and you wish to draw a straight line on a piece of paper that is resting on this table. Before you begin, you recognize that the table is unstable and that it will be difficult for you to draw such a line; in fact, you may have tried this task before and feel uncertain about the dynamics of the table. When you begin to draw the straight line, you will contract certain muscles to force movement of the pencil upon the paper. To draw a straight line, you need not normally contract more than one muscle of an antagonist muscle group at a time; however, you will contract both your biceps and triceps simultaneously in an effort to better control the pencil. The biceps and triceps are antagonist muscles, meaning that they work against each other, resulting in a &dquo;stiff' elbow joint. Activating both the biceps and the triceps is energy intensive; you are consuming a large amount of energy to do no mechanical work (there is no work done if there is no displacement). However, &dquo;stiffening&dquo; the elbow joint creates a more stable control system, i.e., minimizes the influence of an unknown disturbance (the rocking motion of the table) on the output (drawing a straight line). Upon succeeding in drawing a straight line, you are asked to draw a straight line several more times on the same unsteady table. As you draw each line, you begin to formulate a sense of the dynamics of the table-and better understand the environment in which you are working-and as this occurs, you begin to conserve energy by not co-contracting the biceps and triceps to the same degree as in previous attempts. When the environment has been sufficiently sampled and you learn the dynamics of the table, your body will try to conserve as much energy as possible and tend towards no co-contraction of muscles. If, however, a small child wanders in the room where you are performing this experiment and appears to be a possible source of disturbance to your task, i.e., may bump your arm or the table, then you will once again co-contract your muscles to again increase the accuracy.
The classical engineering approach to this same task would be to formulate mathematical models for the dynamics of the table, the mechanism that will draw the line, the interaction between the table surface and the paper and the paper and the pen, and any other aspect of the problem that an engineer can envision being of importance. Using these models, a deterministic plan or control algorithm would be developed to control the movement of the pen upon the paper while calculating what is expected to happen to the unstable surface when the pen creates a force at various locations. The engineer would then measure the response of the table and the straightness of the line. This plan performs the same function each and every time -it never gets any better, and it never gets any worse. It uses the same amount of energy each and every time. The mechanisms that would in all likelihood be used are conceptually different from those used in the human arm. Most robots that mimic arm motion use a rotary motor at the joint and do not have co-contraction capabilities. This basic difference in architecture highlights one of the fundamental deficiencies of today's robot systems as compared to mammalian systems. When a robot arm in a manufacturing plant or the RMS of the space shuttle moves to a new location quickly, the robot arm will vibrate as a result of the sudden deceleration. The human arm can generally out-perform a robot in this type of combined slewing (moving from one position to another) and vibration control. The arm will use only the muscles needed to quickly perform the slewing motion, and then use co-contraction to stiffen the structure and reduce any vibration that might be caused by decelerating the mass of the arm and any payload it may be carrying. The intelligent material system solution is one that borrows directly from the biological approach. Materials that behave much as muscles do during contraction are used in many intelligent material systems and are called induced strain actuators. The principle is that when energy is applied to the actuators, they attempt to contract and work against any load that is applied to them. The actuators are typically bonded to the surface of a structure, or embedded within the material. This means that the artificial muscles must now work against the inherent structural impedance of the component, just as human muscles are parallel to the skeletal structure or bone. However, whereas the arm has discrete joints about which rotation occurs, the intelligent structure may be a continuum, thereby necessitating a more distributed actuation system. Rotation of a cantilever beam, for example, will occur not by using a joint but by inducing bending of the structure by means of actuators placed on the top and bottom surfaces of the beam, close to the clamped-end and excited 180° out-of-phase with the other.
In the description of the human arm and the mechanism by which it operates, the concept of co-contraction of antagonist muscles was described. How would the intelligent cantilever beam provide this same type of action? Assume that the cantilever beam is vibrating and, by means of a controller, one desires to actively damp the vibration. The actuators can then be excited to induced bending strains throughout the thickness of the beam 180° out-of-phase with the velocity of the beam. The beam has kinetic and potential energy which is the antagonist energy to that being applied to the beam by the induced strain energy, or vice versa, depending on the application. Likewise, if the induced strains caused by the actuators are in-phase with the potential and kinetic energy of the system, the actuators and the beam are agonist pairs. Therefore, if the problem is to provide a DC end tip displacement to a beam, the induced strain actuators would put energy into the system to create kinetic energy that is in-phase with the actuators, and upon reaching the desired position, an AC component would be added to &dquo;co-contract&dquo; with the kinetic energy resulting from the vibration caused by decelerating at the final position. Even though the components of natural systems differ from engineering solutions, understanding nature's systems leads us to nothing more than the fundamental laws of nature and physics.
One of the things we see so clearly when we evaluate the function of the human arm is its multi-functional utility. It can perform &dquo;robotic&dquo; tasks, perform vibration control, sense damage, repair certain types and levels of damage, and it possesses temperature sensing and many tactile capabilities. Multi-functionality is also one of the objectives in providing structural systems with active control features. Multi-functionality, however, can be considered in two forms: one is the ability of the system to perform more than one task simultaneously; the second is a scenario in which the components engineered into a material system are used for different functions at different stages in its life cycle. One of the features that has intrigued the scientific community is the possibility of providing modern material systems with a &dquo;birth-to-retirement health policy&dquo;.
&dquo;Birth-to-retirement&dquo; refers to the capability of using sensors to control the manufacturing process by which an engineered artifact is created to ensure quality, and to optimize the process itself. With this network of sensors, the health of the system can be monitored throughout the life of the artifact ; and with the use of the actuator system, can be used to control structural damage or modify the structure's behavior or performance to elude damage. These sensors are then used to monitor the aging process and determine when the artifact should be repaired or even retired.
The success of engineering endeavors is generally based on the ability of a structure or component to perform the function intended in an uncertain environment without failure. If the structure or part fails, so has the engineer. If it does not fail, success is implied. The current method of engineering, that is articulated so beautifully by Prof. Petroski in his book, To Engineer is Human, is for a well-skilled designer to develop a worst-case scenario for the environment in which the product will be used, the quality of the materials that will be used to make the product, and for the actual use and abuse of the parts. This worst-case scenario will yield a system with very large factors of safety to ensure safety in an uncertain environment. The result is generally a system with numerous reinforcements, redundant subunits, backup subsystems, and added mass. This design approach has been termed &dquo;defense in depth': This method of trying to postulate and then analyze all possible contingencies has an obvious flaw that we read about in the newspapers and hear about on the evening news from time to time: that of being unable to foresee all possible future contingencies. Obviously, this design method results in using more natural resources than is generally required of a structure, consuming more energy to produce and maintain the structure, expending more human effort trying to look into crystal balls to determine how an engineered artifact can be used and abused and, of course, more litigation for designs that did not foresee all of the possible contingencies.
Intelligent material systems must, as their basic premise, be designed for a given purpose; and, by the transduction of energy, must be able to modify its behavior to create an envelope of utility. As an example, a ladder that is overloaded could use electrical energy to stiffen or strengthen it while alerting the user that the ladder is overloaded. The overload response should also be based upon the actual &dquo;life ex-perience&dquo; of the ladder to account for aging or a damaged rung; therefore, the ladder must determine its current stateof-health and use this information as the metric for when the ladder has been overloaded. At some point in time, the ladder will then announce its retirement, as it can no longer perform even minimal tasks.
J. E. Gordon's book, Structures: or, Why Things Don't Fall Down, contains a chapter entitled, &dquo;The Philosophy of Design-or the Shape, the Weight and the Cost&dquo;, which begins with a quote of John Sheldon (1584-1654): &dquo;Philosophy is nothing but discretion&dquo;. The science paradigm/definition of intelligent material systems is a philosophy of design, not a technology. It is true that the concept of intelligent material systems does not define a discipline, as it is &dquo;en-gineering&dquo;. Engineering is &dquo;the art or science of making practical application of the knowledge of pure sciences&dquo; The definition of structural engineering that is given in every issue of The Structural Engineer adds that it is the &dquo;science and art of designing and making, with economy and elegance....&dquo; As mentioned in the beginning of this essay, the objective is to &dquo;instill intelligence in the microstructure to reduce the mass and energy of the system to perform adaptive functions': If we follow nature's example, grace, beauty, and art will be the reward.
The implications of the definition and discussion given above are simply that:
We shall learn from nature the method by which natural systems adapt to their environment and the aging process, and how the natural systems of muscles, nerves, and motor control are architected to produce adaptive life functions in engineered artifacts.
The material systems that can be considered the host, e.g., skeletal form, of the intelligent material systems can range from biomaterials, to polymers, to electronic materials, to structural composites, to large civil engineering constructs. This is a concept that will manifest new structural materials for automobiles and aircraft, as well as guide the design of new artificial organs or limbs. The utility of intelligent material systems is not simply to perform functions programmed a priori by a designer, but to learn what the appropriate responses are to a wide range of situations.
Intelligent material systems will have not only adaptive features to interact with the environment, but also the means with which to convey this information to the designer and user. This concept is not technology-limited, but knowledgelimited. The need is to firmly develop the methodology by which material systems, components, and structures will be designed to reduce mass and energy needs by incorporating adaptive features and intelligence. New muscle-like materials or nerve-like sensors will enhance the concept and the capabilities, but this concept can be commercialized today with existing materials and devices.
WHAT ARE THEY GOOD FOR?
How does this design philosophy manifest itself? What are intelligent material systems good for? The applications which intelligent material systems will have an impact upon are numerous and varied. They range from speakers and noise control devices that are a part of curtains or walls, to quiet commuter aircraft, to windows that can change their reflectivity to control room temperature or light level, or even close automatically when it begins to rain. Biomedical applications, similarly as diverse, include new artificial organs such as a pancreas that continuously monitors bloodsugar level and releases the appropriate amount of insulin in real time, to aritificial limbs that not only provide basic motor control but tactile responses, as well.
An aircraft wing with no flaps, ailerons, or articulating parts, that instead possesses the ability to change its shape and camber is one of the applications currently being pursued by researchers in academia and industry. Shape control of propellers, helicopter rotor blades, and aircraft wings can provide vehicles of flight and marine adventure with increased efficiency, maneuverability, reduced vibration and noise, and longer life by reducing vibrations that can cause structural fatigue.
We are already seeing the results of research devoted to specific application areas become reality. Researchers at Penn State have developed solutions for the crippled Hubbell telescope by using electro-active ceramic materials to adaptively change the shape of the mirror surface. Conventional precision antenna and telescope surfaces have always required thick-stiff structures to ensure dimensional stability and accuracy. By incorporating sensors and actuators into thin flexible surfaces with active control algorithms, we can now reduce the weight and volume (as compared to the passive counterpart structures) by using energy (typically electrical energy) to assure that a desired shape is maintained. In this case, you might say, we are using brains instead of brawn.
The need for large, precise space structures and the demand for low volume and low mass have provided the motivation for researchers at MIT and JPL to investigate the potential of using intelligent structures for controlling the vibrations of large flexible structures, while maintaining accuracy to the fraction of a wavelength of light for football field-sized structures. Researchers have developed space truss elements that can be actively controlled to change their length and behave much like a mechanical muscle. By inserting these elements into a truss, researchers are also able to control the shape, vibration, and precision of the structure and, in some cases, monitor the health of the structure and identify components that are damaged. The &dquo;design&dquo; of plants and animals and of the traditional artificial artifacts did not just happen. As a rule, both the shape and the materials of any structure have evolved over a long period of time in a competitive world which represent an optimization with regard to the loads which the structure has to carry and with regard to the financial or metabolic cost. We would like to achieve this same sort of optimization in modern technology. A good example of the ability of living organisms to adapt/evolve to changing loading conditions is bone. Living bone continually undergoes processes by which it remodels to accommodate the changes in its loading. The time scale on the process may be of the order of months, but can begin within minutes of an impetus.
Today, researchers are trying to mimic the adaptive load changing characteristics of bone to develop composite materials that are fatigue-and damage-tolerant. Research at Virginia Tech has demonstrated that induced strain actuators such as shape memory alloy fibers and piezoelectric ceramics can actively reduce strain concentrations from transverse cracks, near holes and notches, and other forms of damage or engineered strain concentrations.
Pictures of the Aloha Airlines aircraft that landed safely in Hawaii after an inflight catastrophe, which made the disabled aircraft look like it had lost its top, educated many, and reminded all of us of the mysteries that surround fatigue failures. Fatigue is generally a quiet instrument of failure in which a long life of utility is abruptly ended by means of catastrophic damage. The signs of fatigue are often difficult to detect. The life experiences which include every joule of energy that the structure has been forced to accept are never forgotten, and the end is never graceful. However, at Virginia Tech, experiments in which piezoelectric actuators were used to resist the mechanical strains near locations of known high strain concentration have extended the fatigue life of some mechanical components by over an order of magnitude. Not only can actuators be used to &dquo;muscle&dquo; the mechanical strains on a structure, but the sensors can determine the state of health in real-time, look for signs of weakened material or damaged structure, and then redirect the loads around these portions of the structure until remedial action and repair can occur.
The typical engineering solution to designing structures with strain concentrations, such as a hole, is to either add mass around the hole to provide the same strength as the rest of the structure based upon the weak link-the hole-and make the rest of the structure the same thickness, for example. This results in more mass than is actually needed. The concept of using energy to support load, to add stiffness, or to increase strength will allow mass to be replaced with energy.
Using energy to increase stiffness is not always the most &dquo;natural&dquo; solution. Nature uses strain energy as a damage control mechanism by designing systems with large strain capabilities as compared to our modern constructs of steel, concrete, and graphite. Adaptation of structural impedance is perhaps the most fundamental and powerful concept of intelligent material systems. By modifying the structural impedance of a system, we can change its vibration and acoustic behavior as well as change its resistance to damage. Large civil engineering structures can control the transmission of motion and the flow of energy into the structure by adaptively controlling the impedance of the structure at its base. Magneto-and electrorheological fluids can be used to change and control the friction of thrust bearings used to support large buildings in areas of high seismic activity. Trusses that use elements that can change their length in a controlled fashion, known as variable geometry trusses (VGTs), can be used to change the impedance of portions of a large structure, and thereby control vibrations very efficiently.
Perhaps one of the most mature application areas of intelligent material systems is active structural acoustic control (ASAC). The objective of ASAC is to reduce the sound radiation from a vibrating structure, be it sound inside an aircraft fuselage that is shaken by engines, or the acoustic signature of a submarine. Intelligent material systems, for the first time, have allowed researchers to demonstrate con-trol of low-frequency noise as a result of the introduction of the artificial muscles we have referred to as induced strain actuators. The typical approach to controlling structural vibrations has been to use shakers that apply a transverse force to the structure. The magnitude of the force is therefore related to the mass of the shaker. If the shaker is very light, the structure very heavy, and the frequency very low, the result is a shaker that only shakes itself and not the structure. However, induced strain actuators, configured like muscles, use the in-plane structural impedance to react against. Hence, they possess the ability to exert forces on a structure at low frequencies while requiring little mass as compared to conventional shakers, often by orders of magnitude, to perform effective control.
ASAC can fundamentally be performed using two approaches. The first is simply to make the structure stop vibrating completely, which will obviously reduce the sound radiation to zero. This is the &dquo;brute force&dquo; approach. The intelligent approach is to control only the radiating modes. Being that not all vibrational modes radiate sound, and our objective is to reduce the mass and energy needs of the system, then the obvious solution is to sense the structural modes that are radiating the noise and use the actuators that are distributed throughout the structure to control only the highly efficient radiating modes. The efficiency of the solution will be based upon the engineer's insight into the fundamental physical phenomena with which the material system is to interact, and the adaptive capabilities of the intelligent material system. Perhaps an application that will prove more useful to the scientific community than any other is the use of intelligent material systems in studying complex physical phenomena and fundamental physics. Material systems with capabilities to sense their environments, store detailed information about the state of the material with refined temporal and spatial resolution, and change their apparent material properties can provide the scientific community the opportunity to perform experimental parametric studies, which can be useful in extracting detailed information about cause and effect, or use neural networks to aid in identifying features or parameters that are most significant in altering the physical phenomena of interest. Opportunities abound for determining the first principles of many complex systems and the physics that govern them, such as those related to noise generated by turbulent boundary layers, or the process of damage of composite materials.
The applications that intelligent material systems may influence are numerous, and the commercial implications enormous; but there may be no application more important or more valuable than their utility in releasing the fundamental secrets of science that have alluded us thus far.
WHAT ARE THEY MADE OF?
What are little boys made of? Snakes and snails and puppy dog tails.
That's what little boys are made of What are little girls made of Sugar and spice and everything nice.
That's what little girls are made of Intelligent material systems are hybrid composite systems, whether fluids, gels, or solids. Instilling intelligence into natural systems requires a cornucopia of materials to synergistically contribute to the creation of life functions. Manmade intelligent systems require no less. One of the most common statements of ignorance in this field of endeavor is to refer to some of science's most remarkable materials as &dquo;smart&dquo; ... to categorize shape memory alloys and piezoelectric ceramics as &dquo;smart materials': Remarkable they are; it is smartness and intelligence they lack. The following is a brief list and description of some of the technologies, materials, devices, and concepts that alone are simply symbols of innovations in science and engineering, but together may form the next material systems revolution.
Artificial Muscles-Actuators
Zuk and Clark, in the book, Kinetic Architecture, write, &dquo;Life itself is motion, from the single cell to the most complex organism, man.... It is these attributes of motion, mobility, of change, of adaptation that place living things on a higher plateau of evolution than static forms. Indeed, survival of the living species depends on their kinetic abilities: to nourish themselves, to heal themselves, to reproduce themselves, to adapt to changing needs and environments. ...&dquo; It is fitting, therefore, for us to begin with a description of the technologies that allow for the manifestation of ': .. motion, mobility, and change&dquo;: the actuators.
Materials that allow an intelligent or smart structure to adapt to its environment are known as actuators. These materials have the ability to change the shape, stiffness, position, natural frequency, damping, friction, fluid flow rate, and other mechanical characteristics of intelligent material systems in response to changes in temperature, electric field, or magnetic field. The most common actuator materials are shape memory alloys, piezoelectric materials, magnetostrictive materials, electrorheological fluids, and magnetorheological fluids.
Shape memory alloys (SMA) undergo solid-to-solid martensitic phase transformations which allow them to exhibit large, recoverable strains. Strains of up to 8 % can be reversed by heating the SMA above its phase transformation temperature-a temperature which can be altered by changing the composition of the alloy. Shape memory alloys with high electrical resistivity can be heated by applying an electrical current. In the process of returning to its &dquo;remembered&dquo; shape, the SMA can generate a very large force, which is very useful for actuation. Because actuation is dependent on heating and cooling, the response time of SMA actuators is not as fast as that of the other types of actuator materials.
Nickel-titanium alloys developed at the Naval Ordnance Lab (now the Naval Surface Weapons Center), also known as Nitinol (Ni for nickel, Ti for titanium, and NOL for Naval Ordnance Lab), are high-performance shape memory alloy actuator materials exhibiting high corrosion resistance, large recovery strains, and excellent fatigue behavior. Copper-based SMA, such as copper-aluminum-nickel and copper-zinc-aluminum, can also be used for actuation in intelligent material systems. They are roughly one-tenth of the cost of Nitinol, but have a maximum recovery strain of only 4%.
Although a large number of patents for SMA devices were granted in the 1960s, the manufacture of such devices did not occur until the 1970s. Original applications of shape memory alloys included weldless pipe couplings and blind fasteners (where the backside of a structure is inaccessible).
Only recently have SMAs been used as actuators. Japanese engineers began using Nitinol in micromanipulators and robotic actuators which mimic the smooth motions of human muscles. The controlled shape recovery force allows these devices to delicately grasp fragile objects, such as paper cups filled with water. Other applications for Nitinol actuators include engine mounts and suspension systems which control vibration.
Nitinol wires have been embedded in composite materials to form adaptive composite structures with many similarities to muscles. In addition to applying forces or changing the shape of the structure, the Nitinol wires can be used to actively change the modal characteristics of the composite by changing the stiffness or state of stress in the structure, thereby, changing its natural frequency. Photoelastic damage control experiments have shown that embedded Nitinol actuators can also be used to reduce stress concentrations in notched tensile coupons by creating localized compressive stresses.
Like shape memory alloys, piezoelectric actuators can also exert mechanical forces in response to an applied voltage. Rather than undergoing a phase transformation, piezoelectric materials change shape when their electrical dipoles spontaneously align in electric fields, causing deformation of the crystal structure. Maximum strains of 200-300 microstrain are possible, and researchers are aggressively searching for compositions that will yield 1 % strain. When these small deformations are constrained, large mechanical forces (which are proportional to the applied voltage) are generated very rapidly.
Piezoelectric crystals were first discovered in 1880 by Pierre and Jacques Curie. When poled multi-crystalline barium titanate was shown to have good piezoelectric properties, researchers continued to develop better and more stable materials. Lead zirconate titanate (PZT) was first introduced in 1954, and has become the most widely used piezoceramic. PZT and other piezoelectric materials are useful when high-precision or high-speed actuation is necessary. Examples of systems using piezoelectric actuators are: optical tracking devices, magnetic heads, adaptive optical systems, micropositioners for robots, ink jet printers, and speakers. Recent research has focused on using PZT actuators with sophisticated control systems in intelligent material systems to perform active acoustic attenuation, active structural damping, and active damage control.
Magnetostrictive actuator materials are similar to piezoelectric materials, but respond to magnetic, rather than electric, fields. When placed in a magnetic field, the magnetic domains in a magnetostrictor rotate until they are aligned with the field, resulting in expansion of the material.
Terfenol-D, which contains the rare earth element terbium, expands by more than 1400 microstrain due to alignment of its magnetic domains. This relatively new material has been used in low-frequency, high-power sonar transducers ; high-force linear motors; high-torque, low-speed rotating motors; and hydraulic actuators. Terfenol-D is currently being investigated for use in active vibration damping systems.
Fluids can also act as actuators in intelligent material systems. Electrorheological (ER) and magnetorheological (MR) fluids experience reversible changes in rheological properties (viscosity, plasticity, and elasticity) when subjected to electric and magnetic fields, respectively. These fluids contain micron-sized particles which form chains when placed in an electric or magnetic field, resulting in increases in apparent viscosity of up to several orders of magnitude. These fluids can be used to make simple hydraulic valves which contain no moving parts. Other applications include tunable dampers, vibration isolation systems, clutches, brakes, other frictional devices, and robot arms.
Artificial Nerves-Sensors
One of the critical functions instilled in intelligent material systems and structures is sensing. Damage control, vibration damping, acoustic attenuation, and intelligent processing all require accurate information provided by sensors describing the state of the material system or structure. Sensing capabilities can be given to structures by externally attaching sensors or by incorporating them within the structure during manufacturing. Some of the sensing materials used for this purpose include optical fibers, piezoelectric materials, and &dquo;tagging&dquo; particles.
Optical fibers can be used either extrinsically or intrinsically in sensing. When used extrinsically, the optical fiber does not act as a sensor; it merely transmits light. An example of an extrinsic fiber optic sensor is a position sensor which uses the fiber to collect light from a source. Breaks in the light beam are used to accurately determine the position of a workpiece in robotics applications. Security systems also use this technique to detect intruders. Intrinsic sensing relies on changes in the light transmission characteristics of the optical fiber. The use of optical fibers to perform intrinsic sensing in smart structures was first investigated in 1979 at NASA Langley Research Center. In this early research, optical fibers were used to measure strain in low-temperature composite materials.
The early work in &dquo;smart skins&dquo;, as it was called then, at NASA Langley provided a catalyst for the development of a variety of fiber optic sensors. Interferometric, refractometric, blackbody, evanescent, modal domain, and timedomain sensors were investigated for use in nondestructive materials evaluation, in-service structural health monitoring, damage detection and evaluation, and composite cure monitoring. Researchers examined using fiber optic sensors as magnetic field sensors, deformation and vibration sensors, accelerometers, and sensors in propulsion systems.
Resistance to adverse environments and immunity to noise from electrical or magnetic disturbances are among the many advantages of fiber optic sensors.
Piezoelectric materials have also found widespread use as sensors in intelligent material systems. Piezoelectric ceramics and polymers produce measurable electrical charges in response to mechanical stress. Because of the brittle nature of ceramics, piezoelectric polymers, such as polyvinyldene fluoride (PVDF), are often used for sensing. PVDF can be formed in thin films and bonded to many surfaces. Uniaxial films, which are electrically poled in one direction, can measure stresses along one axis, while biaxial films can measure stresses in a plane. The sensitivity of PVDF films to pressure changes has been utilized in tactile sensors that can read the Braille alphabet and distinguish different grades of sandpaper. Tactile sensors with ultra-thin (200-300 micron) PVDF films have been proposed for use in robotics. A skin-like sensor that replicates the temperature and pressure sensing capabilities of human skin can be used in different modes to detect edges, corners, and geometric features or to distinguish between different grades of fabric. The pyroelectric effect, which allows piezoelectric polymers to sense temperature, also limits their use to lower temperature ranges. Piezoelectric composite materials have been developed to overcome the brittleness of piezoelectric ceramics and the temperature limitations of piezoelectric polymers. Flexible composite sensors containing piezoelectric ceramic rods in a polymer-based matrix have been widely used in hydrophones and medical ultrasonic transducers with improved sensitivity and mechanical performance over the original piezoelectric ceramics. Polymers containing piezoelectric powders have also been investigated for use as sensing materials. Piezoelectric paint and coatings are being developed that can be applied to complex shapes to provide information about the state of stress and health of the underlying structure.
Passive and active tagging are sensing techniques that involve adding &dquo;tagging&dquo; particles to materials. Embedded piezoelectric, magnetostrictive, electrostrictive, or magnetic particles can be used to provide inherent information about the in-process or in-service state of adhesives and polymers. Tagging offers the advantage of distributed in-situ sensing, which is not possible with many types of sensors. If the material system is properly designed, the tagging particles will not adversely affect the properties of the host material, as will other types of embedded sensors. Passive techniques involve sensing the distribution of the particles. An example of a passive technique is adding magnetic particles to an adhesive and using an eddy current probe to detect voids in a tagged adhesive bond. Active tagging involves exciting the sensing particles and measuring the response of the host material. Applying an alternating magnetic field to a polymer tagged with magnetic particles and measuring the resulting force would be an example of active tagging. Applications of passive and active tagging techniques include characterization of adhesive bonds, cure monitoring, intelligent processing, nondestructive materials evaluation, damage detection, and in-service health monitoring. Intelligence-Signal Processing, Communication, and Controls Gerard Bricogne is credited with the statement, &dquo;mankind is a catalyzing enzyme for the transition from a carbonbased to a silicon-based intelligence&dquo;. It is precisely this reaction that we pursue in the engineering of intelligent material systems. The objective is to include the human &dquo;catalyst&dquo; in the process from birth to retirement of the system; to aid the systems creation by means of the engineering method; to learn from the system of the &dquo;life ex-periences&dquo; the system has encountered and the results of such experiences on the health and performance of the system; and to assist in the rejuvenation, repair, and retirement of the system at pragmatic points in the &dquo;life&dquo; of the system so as not to allow or force the retirement by catastrophic failure.
The essence of this new design philosophy rests in the manifestation of the most critical of life functions, intelligence. It is this very aspect that has forced the material science, mechanics, and structures communities to debate whether the concept is to create &dquo;adaptive&dquo;, &dquo;smart&dquo;, &dquo;very smart&dquo; or &dquo;intelligent&dquo; material systems. However, the vast majority of the debate to date has been saddled with ignorance and has shown a narrow appreciation for the efforts of the other scientific communities. There is a community of scholars, researchers, engineers, and technicians who have made tremendous strides in developing the genesis of an area called artificial life: an area of study in which the first principles of intelligence are being studied, simulated, and reduced to hardware. It is a formal endeavor of study where inanimate objects are given the ability to learn, to remember, to forget what is not useful, and to perform functions that ensure life-a field of endeavor that is not just based on theory, but is a laboratory experiment.
'Artificial life, or a-life, is devoted to the creation and study of life-like organisms and systems built by humans&dquo;. * This definition comes from the book by Steven Levy entitled, Artificial Life: the quest for a new creation. The a-life movement is an out-growth of cybernetics which Norbert Wiener originally defined as the science of communication and control in animals and machines. The basic premise is that the creation of artificial life forms in the likeness of say, insects, with the mobility and functions of their biological ancestors, allows scientists to evaluate the implications of various theories of control, communication, and learning processes. The ability to learn of one's environment and live within it is a common theme between the a-life and the intelligent material systems communities. There have been tremendous efforts in developing theories, simulations, and hardware implementations for the control of machines. Modern control approaches, adaptive control, and neural networks are some of the control concepts that today attract so much attention. However, the intelligence features that the intelligent materials community is trying to create have constraints that the engineering world has never experienced before, but that the biological world seems to accept with simplicity and grace. Namely, the tremendous number of sensors, actuators, and their associated power sources does not let us use the conventional central processor architecture whereby every piece of sensor and actuator information must be stored and manipulated by silicon.
Nature has used architecture to enhance the behavior of its quite restrictive and far-from-robust material selection; likewise, nature uses architecture to facilitate complex communication, signal processing, and memory using relatively simple devices. The electrochemical devices that we refer to as neurons are not nearly as fast as our modern-day silicon counterparts; however, nature has developed a complex architectural scheme for processing the information from these neurons to allow rather complex tasks to be performed with amazing speed. The key appears to be a hierarchical architecture in which signal processing and the resulting action can take place at levels below and far removed from the central processor, the brain. Removing your hand from a hot stove to prevent damage to the system (in terms of a burn) need only be processed by and organized within the spinal cord; whereas the less automatic behaviors are organized by successively higher centers within the brain. Not until after the action of contracting muscles in the arm and fingers does the information that you have touched a hot surface even reach the brain. This hierarchical approach not only yields control systems that are time-efficient, but yields systems that are fault-tolerant as well. Reliability is a critical factor in reducing energy. A failed system is a tremendous waste of resources and energy; and the control system is as important, if not more important, than the structural components in assuring a system that has a longer lifespan than any one of its components.
The control systems of today can learn, they can change based upon need, they can anticipate a need, and they can correct a mistake. The architecture of control systems will remain an important element in the future manifestations of intelligent material systems, for it is the computational hardware and the processing algorithms that will determine how complex our systems can become-how many sensors we can utilize-and how many actuators we can use to effect change. Will all control systems be neural networks and modeled after biological systems? No. The same paradigm we use to architect the material systems or structures is used to architect the control system-the design that will reduce the mass and energy needs of the system to enable it to perform its adaptive functions.
WHAT DO THEY LOOK LIKE?
Intelligent material systems are first and foremost hybrid material systems. The typical picture that we try to paint is of silicon electronics. The basic tenet of producing, at the micro-level, an array of components that do not serve a single function, but can be interacted with to perform a wide assortment of functions, is a concept that allows these systems to have such economy of scale. By creating an embodiment in which several users can use the same device and by which reliability is engineered by redundancy is a simple and cost-effective approach for man-made systems to replicate the adaptive self-preserving features of natural systems.
Intelligent material systems do not look inherently different than the host materials used to support these additional features. The sensors, actuators, and silicon intelligence is reduced to the microstructure, be it nano level for artificial drug delivery systems, micron level for advanced fiber reinforced composites, or meter level for civil engineering constructions. Obviously, each material configuration will manifest its own look for the intelligent material system. Some may look like fluids with actuators that cannot be seen by the naked eye, but can manipulate molecules with grace and agility; others may look like materials that are hard and strong and in a moment, upon demand, can behave like Jello just long enough to deflect and absorb energy as a karateka reacts to a punch; and yet others may have the mass of small mountains, but the perception to become one with nature to ensure the safety of the delicate and intricate human beings they have been designed to protect.
The future of intelligent material systems lies in developing a system with the ability to interface and interact with the network of sensors, actuators, and controls that allows the user/designer/builder to &dquo;architect&dquo; a system to perform the function desired with the generic enabling system within the host material. An example can be postulated by focusing on one aspect of the material system, the sensor system. In this scenario, a sensor network is built into the system with many more sensors than are needed by any one application, but by means of adaptive architecture, these sensors can be connected together, or turned off, or turned on, to create the specific system desired. If a particular sensor fails, the adaptive architecture will replace the failed sensor with the next best alternative and reconfigure the interconnections and the control algorithm to accommodate this change. The sensor network, therefore, could look like the detail of a silicon microchip in which numerous sensors are spread about a polymeric sheet that can be used as the structural ply of a composite laminate. The sensor sheet can be produced by photolithography techniques, which is much like making a Xerox copy, for fractions of a cent per sensor and can be mass produced. Similar &dquo;pictures&dquo; can be painted for the other components of the system. It seems likely that a system with large arrays of sensors and actuators within a host will require three-dimensional interconnections between the power modulation devices, the control processors, and the sensors and actuators; technology that has been developed and refined, once again, by the silicon community.
Intelligent material systems should be as transparent to the user as fiber-reinforced composites are today. Many people drive cars today that have composite components that have replaced aluminum or other metallics; canoers and kayakers expect that their boats of choice will be made of light-weight plastic and fibers; and sports equipment from tennis rackets to skis are expected to be similarly advanced.
The fact that wood, steel, and aluminum have, in many cases, been replaced by composites did not change the way people interacted with these products, but the enhancement in performance often times means that a golf ball will travel farther, an airplane will be more efficient, or that a tennis racket will have a larger sweet spot. We can expect no less from intelligent material systems.
THE FUTURE, THE NEW AGE OF MATERIALS
The endeavor to design intelligent material systems has been called the modern day alchemy. The concept of instilling life functions in inanimate objects and artifacts such as advanced composite materials and home appliances seems to be a vision more akin to science fiction than present-day realism. However, as the scientific and engineering communities have begun to develop this area of endeavor, the catalyst was not new compositions of matter, but instead, a new vision of design, a new vision of material function, and a renewed look at the natural world we all live in.
Intelligent material systems may, in the near future, begin to impact our lives by being introduced commercially; but the most lasting impact will be that the philosophy of engineering design will begin to change. Engineers of the future will not have to add mass and cost to a structure to assure safety in structures that are not used as they are intended. Engineers will not have to learn from structural failures, but will be able to learn from the &dquo;life experiences&dquo; of the structure. Not only will intelligent material systems be of great utility to the consumer, they will have an even more profound influence on science and engineering. They will allow the silent systems we create to inform us, to enlighten us, to educate us of the physics, science, and interaction of the environment on our designs. J. E. Gordon's book written in 1988 for the Scientific American Library entitled, Structures and Materials, addresses &dquo;Materials and Structures of the Future&dquo;. The last paragraph begins, &dquo;Only recently have materials scientists begun to take the idea of active elasticity seriously. Piezoelectric materials-materials that show strain in response to an electrical impulse-have been known to electronic engineers for a long time, but their structural implications are just now beginning to be considered. If piezoelectric structural materials can be developed-and also reliable means of controlling them-then yet another structural revolution will be upon us. Yet, like many revolutions, it will be a reversion to the past-after all, that is the way in which animals work&dquo;.
The intelligent materials systems revolution to date has focused upon learning how to use energy as a structural component, how to make structures behave like nature's systems, how to make structures that are &dquo;soft&dquo;, and how to better utilize the materials around us. New compositions of matter will begin influencing the manifestations of intelligent material systems. Scientists and researchers who are developing new materials, sensory materials, materials with actuator capabilities, energy storage and modulation devices that will allow the integrated system to be autonomous and self-supporting will add fuel to this movement. Henry Petroski, in his delightful and articulate portrayal of engineering, states that, &dquo;No one wants to learn by mistakes, but we cannot learn enough from success to go beyond the state of the art': This has been so true; but, as en-gineers, our need to learn from failures is a result of our inability to learn from structures during their life. In fact, we learn a great deal from the autopsies we perform on structures that have failed, that no longer are able to perform the function they were intended to perform. However, engineering is changing. We will soon have the opportunity to ask structures during their life how they are feeling, where they hurt, have they been abused recently; or better yet, have them identify the abuser. Material systems interacting with their human creator may lead to not only the next materials revolution, but to the next revolution in our understanding of complex physical phenomena.
Will smart material systems eliminate all catastrophic failures ? No. Not any more than trees will stop falling in hurricane winds or birds will no longer tumble when they hit glass windows. But intelligent material systems will enable man-made inanimate objects to become more natural and liveable. Intelligent materials systems will be manifestations of the next materials and engineering revolution-the dawn of a new materials age.
